Strong evidence is provided for significant far from equilibrium complex processes in the seismogenic layer of the North Aegean region (Greece), after applying modern nonlinear methods to various seismicity time series. The data used are subsets of the regional catalogue compiled in the central Seismological Station of Geophysics Department, Aristotle University of Thessaloniki and concern 4367 earthquakes of magnitude greater than 3.8, which took place during the period of 1968-2008. We present results, derived from the application of nonlinear algorithms, concerning the estimation of correlation dimension, mutual information, largest Lyapunov exponent, flatness coefficient and q-value which correspond to Tsallis nonextensive statistics. These quantities are estimated for two seismic time series corresponding to the basic focal parameters of earthquakes, namely origin time and magnitude. The obtained results can be associated with novel far from equilibrium complex dynamics such as low dimensional chaos, Self Organized Criticality (SOC) and intermittent turbulence. Furthermore, in this study, new information is 
Introduction
Seismogenesis can be treated as a complex system with interacting elements, tectonic plates and fault segments [Keilis-Borok, 1990] . Earthquakes reveal the internal dynamics of the lithospheric fault system including the upper and lower crust, as well as the upper mantle [Kenner & Simons, 2005] . Due to solid-solid friction, enormous elastic strains are developed inside the Earth's crust. When the accumulated stress exceeds the frictional force, slips can occur on preexisting faults and the stored elastic energy can be released during earthquakes in the form of bursts [Chakrabarti, 2007] .
Despite the complex and seemingly random character of seismogenesis, earthquake dynamics reveal significant correlations which exhibit universal properties. Some of the highlights of this phenomenology include power-law scaling and scale invariance, fractal and multifractal space and (or) time structures, nucleation and critical phenomena, first and second order phase transitions, selforganized order and randomness with high or low dimensionality, long-range spatial-temporal correlations and spatiotemporal clustering [Kawamura, 2007; Ben-Zion, 2008] .
In particular, the existence of power-law distributions led Bak et al. [1988] to explain earthquakes as a Self Organized Critical (SOC) process, as well as Kagan [1994] to consider seismicity as the turbulence of the solid earth crust. These concepts showed that earthquakes can be understood via the general theory of statistical physics for dynamical processes of far from equilibrium phase transitions applied to a distributed faults system [Rundle et al., 2003] .
However, according to Lyra and Tsallis [1998 ] the power laws could not only be caused by a SOC process, but also by the nonextensive statistics observed at far from equilibrium process with long range correlations. In this direction, recent studies have indicated the existence of nonextensivity and Tsallis statistics concerning earthquakes either using fragment-asperity models [Silva et al., 2006] or analysis of seismic sequences concerning geological faults [Vilar et al., 2007] , electromagnetic emissions [Papadimitriou et al., 2008] or different tectonic and volcanic settings [Telesca, 2010] .
Moreover, in a series of papers [Pavlos et al., 2007; Iliopoulos et al., 2008; ] the concept of global low dimensional spatiotemporal chaos was supported as a chaotic seismic-cycle process describing seismogenesis in the broad Hellenic territory. In particular, the authors considered the notion of low dimensional chaotic strange attractor as strong evidence for the existence of fault interaction at a local and regional scale. Moreover, using the Singular Value Decomposition (SVD) Analysis they presented results that indicate the existence of two coupled systems (mantle and the lithospheric crust), modeling the earthquake dynamics as an input-output dynamics [Pavlos et al., 2007] . The same authors presented a theoretical framework in which the different, opposite and noncompatible aspects of Self Organized Criticality (SOC) and Low Dimensional Chaos, as well as other significant complex phenomena, can be unified through the general theory of far from equilibrium stochastic systems, explaining SOC and Chaos as different manifestations of the same physical system under different conditions or at different critical points .
In this study, we are interested in a specific region of the Hellenic territory, the North Aegean area in order to test the hypothesis that different subareas in the broader Hellenic area correspond to local strange attractors giving rise to a global chaotic synchronization. In particular, in Sec. 2 we present the results of the nonlinear analysis concerning the two time series, namely the magnitude time series and the interevent times and in Sec. 3, we summarize the results of our data analysis and discuss a theoretical justification of the obtained results using modern theoretical concepts.
Data Analysis and Results
In this section, the significant results obtained by nonlinear analysis applied to two data sets are presented. The data series correspond to 4367 earthquakes with M ≥ 3.8 that occurred in the seismogenic layer of the North Aegean region (38.00-41.00 • N and 23.00-27.00 • E) in the period of (Fig. 1) .
In particular, we estimate the mutual information searching for linear and nonlinear correlations, the correlation dimension and the maximum Lyapunov exponent in the reconstructed phase space searching for degrees of freedom and chaoticity. Moreover, the null hypothesis was tested for the exclusion of "pseudo chaos" using two surrogate algorithms: the first based on surrogates Geographic Longitude Geographic Latitude Fig. 1 . Epicentral distribution of the earthquakes that occurred in the area of Northern Aegean (38.00-41.00
• N and 23.00-27.00
• E) during 1968-2008 and used in the present study. The geographical coordinates are given in degrees for east latitude and north longitude. Four symbols were used to depict different magnitude ranges. Stronger events of M > 6.0 are shown as yellow stars, moderate events of 5.0 < M < 5.9 as dark red circles, events with 4.0 < M < 4.9 as red circles, whereas the smaller ones as white circles.
constructed by the nonlinear distortion of a purely stochastic process which mimic the original time series regarding their autocorrelation and amplitude distribution and the second based on shuffled surrogates sharing the same empirical distribution with the original time series. In addition, in order to show the difference between the original time series and their surrogate data, we estimated the significance of the discriminating statitics. A detailed description of the mathematical formulation of the nonlinear analysis algorithm is extensively described in [Abarbanel et al., 1993; Kantz & Schreiber, 1997; Small, 2005; . Finally, we have also estimated the probability distributions of the two time series searching for power laws, the flatness coefficient F searching for intermittent turbulence and the q-value which corresponds to Tsallis nonextensive statistics.
Seismotectonic regime of the study area
The area of Greece and its surroundings comprises one of the most active tectonic regions of the Alpine-Himalayan belt, with its most prominent tectonic feature being the subduction of the eastern Mediterranean lithosphere under the Aegean Sea along the Hellenic Arc [Papazachos & Comninakis, 1971 ]. The back-arc area, south Aegean Sea and continental Greece is dominated by extension. North Aegean Sea, our study area, is characterized by a combination of right-lateral shear and extension. McKenzie [1972] showed that the northward motion of the Arabian plate pushes the smaller Anatolian plate westwards along the North Anatolian fault, continuing along the North Aegean Trough (NAT) region, which is the boundary between the Eurasian and south Aegean plates. Right-lateral strike-slip motion associated with the North Anatolian Fault (NAF) appears to become more distributed in the northern Aegean Sea. These motions result in the northern Aegean being dominated by conjugate dextral strike-slip faulting of northeasterly strike [Papazachos et al., 1998 ] and sinistral strike-slip faulting of northwesterly strike [Karakostas et al., 2003] .
The study area has experienced many destructive M ≥ 7 earthquakes as indicated from both instrumental data and historical information, whose spatiotemporal patterns were examined through stress transfer on the major regional faults revealing that next occurrences can be well explained with triggering from their previous counterparts [Papadimitriou & Sykes, 2001] . Correlation of moderate M > 5.2 earthquake occurrence and static stress changes resulting from both coseismic slips and tectonic loading, was also performed, and it was discovered that earthquake occurrence is better correlated with the constant tectonic loading component of the stress field than with the total stress field changes [Rhoades et al., 2010] .
The seismic time series
The scope of our study is to reveal properties of the seismicity that are associated with an area that exhibits homogeneous, as much as possible, seismotectonic properties (kind of faulting, maximum earthquake magnitude, earthquake frequency). For this reason, a complete (containing all events with magnitudes above a certain threshold) and homogeneous (earthquake parameters estimated in the same way) catalog is needed, and such catalog is used in our paper. In particular, the data set used in this study is taken from the regional catalog compiled at the Geophysics Department of Aristotle University of Thessaloniki, based on the recordings of the National Seismological Network (http:// geophysics.geo.auth.gr/ss/). The information that this catalog contains is of importance for the purpose of our study, including the time of origin of each earthquake, its focal coordinates (epicentral coordinates and focal depths), and earthquake magnitude.
Figures 2(a)-2(d) present the time series corresponding to the two basic focal parameters describing an earthquake, namely the magnitude and the interevent times, as well as the corresponding histograms of the seismic time series. Figure 2(a) shows the magnitude time series (red color) and Fig. 2 (b) the interevent times (blue color), namely the time distances of subsequent earthquakes. As we can see in Figs. 2(a) and 2(b) the two seismic time series seem random and are strongly intermittent. Moreover, the histograms of the seismic time series, shown in Figs. 2(c) and 2(d), are highly rightskewed, meaning that while the bulk of both of the distributions occurs for fairly small sizes, namely most earthquakes correspond to small magnitudes and interevent times, there is a small number of magnitudes and interevent times much higher than the typical value, producing the long tail to the right of the histograms. The form of these histograms indicates the strong non-Gaussian character of the two seismic time series and the possible presence of power-law scaling.
Mutual information and surrogates
A nonlinear estimator of the dynamical evolution in the state space is the mutual information, which can reveal the fact that the observed dynamics agrees with Shannon's concept of an ergodic information source. Here, we follow the work of Fraser and Swinney [1986] to estimate the mutual information I(τ ) of the experimental seismic time series. The mutual information I SQ between two observables, S and Q in the underlying dynamics is given by the relation
where H(S) is the amount of average information gained from a measurement of S and H(S/Q) is the amount of information of S given that Q is known. This relation when applied to a time series, leads to
In particular, as shown in Figs. 3(a) and 3(b), the estimation of the mutual information I(τ ) (2) of the magnitude and the interevent time series reveals that there is no periodicity in the signals. Moreover, the results indicate that the seismic time series are weakly correlated, since the mutual information I(τ ) attains values pretty close to zero for all nonzero time lags. In order to show that the time series do not correspond to white noise (whose mutual information attains zero value for every τ ), we used shuffled surrogates which share the same empirical distribution with the original seismic time series [Kantz & Schreiber, 1997] . As a discriminating statistic, we estimated a quantity Q derived from a method sensitive to nonlinearity, which corresponds to the mutual information in this section and the correlation dimension and the maximum Lyapunov exponent in the next sections. The discriminating statistic Q is calculated for the original and the surrogate data and the null hypothesis is verified or rejected depending on the "number of sigmas"
where µ sur and σ sur are the mean value and standard deviation of Q taken from the surrogate data and µ obs is the mean value of Q derived from the original data. For a single time series, µ obs is the single Q value [Theiler et al., 1992a] . The significance of the statistics S(3) is a dimensionless quantity and we report it in terms of units of S "sigmas". When S(3) takes values higher than 2-3 then the probability that the observed time series does not belong to the same family with its surrogate data is higher than 95-99%, correspondingly.
As it can be seen in Figs. 3(c) and 3(d), there is a clear discrimination for both the seismic time series from their shuffled surrogates for the first 20 time lags, since the significance of the statistics S(3) attains values higher than 2 in both cases, approximately 2-10 sigmas for the magnitude time series 
Nonlinear analysis in the reconstructed state space
In this section, we study the two seismic time series using the correlation dimension, in order to provide information for the dynamical degrees of freedom of the dynamics and the maximum Lyapunov exponent (L max ) in order to search for chaoticity. The analysis is based on the reconstructed dynamics according to which a delay reconstruction map Φ is considered which maps the state X into m-dimensional delay vectors
This map is an embedding when m ≥ 2n + 1, where f τ describes the dynamical flow underlying the observed signal and n is the dimension of the manifold of the system phase space dynamics [Takens, 1981] . The embedding Φ(4) is a diffeomorphism which maps the orbits of the original state space in the reconstructed space, preserving their orientation and dynamical and geometrical characteristics, such as Lyapunov exponents and dimension of attractors, respectively. For the estimation of the best reconstruction time, we used the first local minimum of the mutual information, shown in Figs. 3(a) and 3(b), taking into consideration that using very large or very small reconstruction time τ leads to spurious estimation results of the reconstructed attractor [Abarbanel et al., 1993] . We also used a maximum of embedding dimension m = 8 following Ruelle's general formula which provides an upper bound for D 2 and if D 2 ≤ 2 log 10 N the estimate can be trusted [Ruelle, 1990] .
It must be noted that these time series are quite "peculiar". The peculiarity is that the "time" (xaxis) is the event number, and not the true time any more, because if it was, the observations will not be uniformly spaced on the time (x) axis. However, a physical system creating spikes could be thought of as an integrate-and-fire process, namely there is an accumulation of an input and when a value reaches a certain threshold, there exist "discharges" by emission of a spike. Then, according to Sauer [1994 Sauer [ , 1995 the embedding theorem is valid and a time delay embedding yields a faithful reconstruction of state space. In addition, following the concept that the earthquakes fall into the category of dripping process [Pavlos et al., 1994; , which is a model well known for illustrating the appearance of chaotic behavior in nonlinear systems, we have created a time series of time intervals between successive earthquakes, called interevent times.
Correlation dimension and surrogates
The correlation dimension of the dynamical trajectories of the system in state space can be estimated by the equation
where C(r, m) is the correlation integral of the trajectory and D m (5) is its slope. When an underlying attractor exists for low values of radius r then C(r, m) ∼ r d for r → 0. For a time series the correlation integral can be estimated using as employed in this paper, the algorithm of Grassberger and Procaccia [1983] , or other more advanced algorithms such as the Gaussian-Kernel algorithm [Yu et al., 2000 ] and Judd's algorithm [Judd, 1992] :
( 6) where Θ(x) is the Heavyside function Θ(x) = 0 if x < 0 and Θ(x) = 1 if x ≥ 0. The low value saturation D = lim r→0 D m of the slopes of the correlation integrals is related to the number d of fundamental coordinates of the internal dynamics. However, according to Theiler [1991] the concept of low correlation dimension (fractal or integer) can be applied to a time series in two distinct ways. The first one indicates the number of degrees of freedom in the underlying dynamics and the second quantifies the self-affinity or "crinkliness" of the trajectory through the phase space. In the first case, the scaling and the saturation profile are caused by uncorrelated in "time" and correlated in "space" state points. In the second case, they are caused by time-correlated state points that are uncorrelated in space. In order to discriminate between the two cases, known as dynamics and geometric low dimensionality, we restrict the sum in (6) to pairs (x(i), x(j)) with |i − j| > w, where the Theiler parameter w is larger than the decorrelation time of the time series, as indicated by the mutual information estimation.
Figure 4(a) illustrates the slopes D m (5) of the correlation integral C(r, m) (6) estimated for the magnitude time series using embedding dimension m = 3-8, delay time τ = 2 and Theiler parameter w = 10, as a function of ln(r). These slopes do not reveal efficient scaling and low saturation value, a result that according to the embedding theory of Takens [1981] , indicates that the process related to magnitude time series is high dimensional (in practice stochastic).
Finally, Fig. 4(b) shows the slopes D m of the correlation integral C(r, m) estimated for the interevent times using delay time τ = 3, Theiler parameter w = 10 and embedding dimensions m = 3-8, as a function of ln(r). As it can be seen in this figure, the slopes D reveal efficient scaling and saturation, (D ≈ 2.3-2.7), in a long region of the distance ∆ ln(r) ≈ 1.5-4.5. This profile of the slopes is in agreement with the hypothesis of existence of a low dimensional strange attractor. Thus, according to the embedding theory of Takens [1981] , the dynamical degrees of freedom cannot be higher than (2D + 1 ≈ 6) and lower than (D int ≈ 3) where D int is the first integer value of the slopes. Furthermore, we used the method of surrogate data in order to distinguish between linearity and nonlinearity as well as between chaoticity and pure stochasticity, since a linear stochastic signal can mimic a nonlinear chaotic process after a static nonlinear distortion [Theiler et al., 1992a [Theiler et al., , 1992b . Surrogate data were constructed according to Schreiber and Schmitz [1996] to mimic the original data, regarding their autocorrelation and amplitude distribution. However, since the two time series are highly non-Gaussian causing problems with the Schreiber and Schmitz iteration scheme, we also used surrogates derived from a simple random shuffling algorithm, which share the same empirical distribution with the original time series [Kantz & Schreiber, 1997] . Finally, we estimated the significance of the statistics S(3), already described in Sec. 2.3.
In particular, Fig. 5(a) shows the slopes D m of the correlation integrals estimated for the magnitude time series (red color) and its ten surrogates series, constructed from Schreiber and Schmitz algorithm, using parameters embedding dimension m = 8, delay time τ = 2 and Theiler parameter w = 10 as a function of ln(r). As it can be seen in this figure there is no clear discrimination between the magnitude time series and its surrogate data, a result that indicates that this time series corresponds to a linear high dimensional process. Figure 5 (b) presents the slopes D of the correlation integrals estimated for the magnitude time series (red color) and its ten surrogates series, constructed from the simple shuffle algorithm, using parameters embedding dimension m = 8, delay time τ = 2 and Theiler parameter w = 10 as a function of ln(r). As it can be seen in this figure there is a discrimination between the magnitude time series and its surrogate data at a distance ∆ ln(r) ≈ −1.5-0. This discrimination is clearly depicted in Fig. 6(a) which shows that the significance of the statistics attains values much higher than 2 sigmas, approximately 3-14 sigmas at a distance ∆ ln(r) ≈ −1.5-0, a result which indicates that this time series corresponds to a high dimensional but nonlinear process.
Figure 5(c) shows the slopes D m of the correlation integrals estimated for the interevent time series and its ten surrogate data using embedding dimension m = 8, delay time τ = 3 and Theiler parameter w = 10 as a function of ln(r). As it can be seen in this figure there exists a significant discrimination between the interevent times and the surrogate data in a long region of the distance ∆ ln(r) ≈ 2-4.5. This result clearly indicates that the underlying dynamics correspond to a low dimensional nonlinear deterministic process. The same result was found using the simpler algorithm corresponding to shuffled surrogates. In particular, Fig. 5(d) presents the slopes D of the correlation integrals estimated for the interevent time series and its ten surrogate data using embedding dimension m = 8, delay time τ = 3 and Theiler parameter w = 10 as a function of ln(r). As it can be seen in this figure, there exists a significant discrimination between the interevent times and the surrogate data in a long region of the distance ∆ ln(r) ≈ 2-5. This discrimination is clearly depicted in Fig. 6 (b) which shows that the significance of the statistics attains values much higher than 2 sigmas, approximately 5-11 sigmas at a distance ∆ ln(r) ≈ 2-5, a result which indicates that the underlying dynamics correspond to a low dimensional nonlinear deterministic process. Conclusively, the low value saturation of the slopes in the reconstructed phase space for interevent times as well as the clear discrimination between this time series and its surrogate data (both constructed by Schreiber and Schmitz algorithm and the simpler algorithm) clearly reveal that the underlying dynamics producing the temporal manifestation of earthquakes corresponds to a low dimensional and nonlinear deterministic process. However, the underlying dynamics which corresponds to magnitude time series has a strong high dimensional stochastic character, since there was no saturation of the slopes. Moreover, the comparison with two different surrogate data sets showed contradicting results, since using the Schreiber and Schmitz algorithm did not lead to any significant discrimination, while when using the simpler (shuffle) algorithm a clear difference was found. This contradiction between the results is due to the strong non-Gaussian character of the time series and show that the magnitude time series corresponds to a high dimensional nonlinear stochastic process. Thus, the results show that there exist two different dynamical processes concerning seismogenesis, one nonlinear low dimensional and the other nonlinear but high dimensional-stochastic.
Maximum Lyapunov exponent and surrogates
In the following, we present the results concerning the maximum Lyapunov Exponent (L max ) according to the relation
with t → 0, d(0) → ∞ where d(t) measures the separation between neighboring points in the reconstructed phase space, based on Wolf et al. [1985] algorithm. However, we would like to mention that new and more sophisticated algorithms for the estimation of the maximum Lyapunov exponent have been produced, see for example [Giannerini & Rosa, 2001; Stefanski et al., 2005; Kim & Choe, 2010] . In particular, Fig. 7 (a) presents the largest Lyapunov exponent L max (7) for the magnitude time series and the corresponding surrogate data, based on Schreiber and Schmitz algorithm, as a function of events estimated using delay time τ = 2 and embedding dimension m = 8. The largest Lyapunov exponent was found to be positive, attaining a value of L max ≈ 2.5 bit/event. In addition, there is no discrimination between the values of the L max estimated for the magnitude time series and its surrogate data, which take similar values. This result indicates the linear stochastic character of the underlying process. However, the comparison of surrogates constructed based on the shuffled algorithm with the magnitude time series, as depicted in Fig. 7(b) , showed that there is a significant discrimination. Indeed, Fig. 8(a) shows the significance of the statistics which remains higher than 2 sigmas, approximately equal to 5. This result clearly permits the rejection of the null hypothesis with high confidence, indicating the nonlinear stochastic character of the underlying process corresponding to the magnitude time series. Figure 7(c) presents the largest Lyapunov exponent L max (7) for the interevent times and the corresponding surrogate data, Schreiber and Schmitz algorithm, as a function of events estimated using delay time τ = 3 and embedding dimension m = 7. The largest Lyapunov exponent was found to be positive, attaining a value of L max ≈ 0.5 bit/event, clearly discriminated from the values of the L max estimated for the surrogate data, which take values higher than L max ≈ 0.7 bit/event. This result indicates the chaotic and nonlinear character of the underlying process corresponding to interevent times. Same results are obtained by the comparison of the shuffled surrogates with the interevent times, depicted in Fig. 7(d) which indicate a greater difference. Indeed, Fig. 8(b) shows the significance of the statistics which remains higher than 2 sigmas, approximately equal to 15. This result clearly permits the rejection of the null hypothesis with very high confidence, indicating chaotic and nonlinear character of the underlying process corresponding to interevent times. Conclusively, both seismic time series have positive Lyapunov exponents, a result that indicates chaotic dynamics. However, significant discrimination from both surrogate data sets was found for interevent times but not for the magnitude time series, where the discrimination was obvious only for the shuffled surrogates. This result is in agreement with the results obtained from the estimation of the slopes of the correlation integrals and indicates the existence of two different dynamical processes: one nonlinear low dimensional chaotic and the other high dimensional and stochastic. The chaotic process corresponds to the temporal manifestation of seismogenesis and the nonlinear high dimensional (stochastic) to the bursting energy release.
Power laws
Probability distributions are often taken as quantitative characteristics of complex systems and allow one to detect possible occurrence of regularities (e.g. power laws) which could unravel different levels of organization [Sornette, 2009] . The most simple, nonparametric, way to study probability distributions is using histograms which serve as an approximation of the probability density function (pdf) from which the data were drawn [Cranmer, 2001] .
Then, when the histogram is a straight line in log-log scales, the distributions are said to follow a power law [Newman, 2005] . For the estimation of the distribution function P (x) of the two seismic time series, we used a normalized histogram as we subtract the mean value and then divide the difference by the standard deviation.
In particular, Fig. 9 (a) presents the distribution function P (x) as a function of x in log-linear plot for the magnitude time series. As it can be seen, the distribution function can be approximately approached by a straight line with a significant slope ln(Y ) = −1.06 * X − 2.22 while the coefficient of determination is R -squared = 0.958. This result is directly related to the well-known GutenbergRichter law [Gutenberg & Richter, 1954] , which is a log-linear plot of the number of earthquakes with a magnitude greater than a specific value versus magnitude. Gutenberg-Richter's law, as it was shown by Aki [1981] , is equivalent to a fractal distribution and thus to a power law. Figure 9 (b) presents the distribution function P (x) for the interevent times. As it can be seen, the distribution function can be approximately approached by a straight line with a significant slope ln(Y ) = −1.287 * X − 3.22, while the coefficient of determination is R -squared = 0.913. Thus, there is an obvious similarity between the distribution function of the interevent times and the magnitude time series, a result that is expected since the smaller magnitude earthquakes have smaller interevent times and vice versa. Furthermore, this result can be associated with the power law distribution concerning the foreshock's or aftershocks's rate as a function of time, namely the well-known Omori's law [Omori, 1894] . However, this consists of an indirect association, since in this study, all the earthquakes were placed on the same footing, whether they are classified as main shocks or aftershocks. Conclusively, both the magnitude time series and the interevent times can be related to power law scaling. However, the estimation of the slopes of the correlation integrals and the maximum Lyapunov exponent, presented in the previous sections, showed that the magnitude corresponds to a nonlinear high dimensional-stochastic process while the interevent times correspond to a nonlinear low dimensional chaotic process. These results indicate that both low dimensional chaotic and high dimensional stochastic dynamics can be related to the presence of power law scaling.
Flatness coefficient F
The intermittent turbulent nature of seismogenesis can be investigated through the Probability Density Functions (PDF) of a set of two-point difference time series δB τ (t) = B(t + τ ) − B(t) of an original time series B which can be any physical quantity.
In Fig. 10 we show the estimated values of the coefficient F (7) corresponding to the flatness values of the two-point difference for the observed time series, magnitude time series (a) and the interevent times (b) defined as
The coefficient F for a Gaussian process is equal to 3. Deviation from Gaussian distributions in seismogenesis implies intermittency, while the parameter τ represents the energy (magnitude) and the temporal (interevent times) size of the seismic eddies which contribute to the cascade process [Kovacs, 2001] . According to the general theory of turbulence, intermittency appears in the heavy tails of the distribution functions as the dynamics in the vortex is nonrandom, but deterministic. As Fig. 10 presents, the coefficient F estimated for the magnitude time series (red line) and the interevent times (blue line) increases to values much higher than 3, F > 3 correspondingly to a large region of τ . This indicates strong intermittent turbulent character of the lithospheric processes corresponding to magnitude time series and to interevent times. Furthermore, as we notice in Fig. 10 the flatness coefficient F for the interevent times attains values F ≈ 13-14 clearly higher than the flatness coefficient F corresponding to magnitude time series F ≈ 8.5-9.5. This is a significant result which is in accordance with the previous results concerning the estimation of correlation dimension (Fig. 5) and maximum Lyapunov exponent (Fig. 7) . Although both time series reveal clearly an intermittent character, the intermittency of the interevent times is higher and related to the low dimensional chaotic character of the underlying to interevent times process, as in this case the longrange correlations are stronger than in the case of magnitude.
Tsallis statistics
In order to test the hypothesis of nonextensive statistical mechanics concerning seismogenesis in North Aegean region we use the q-Gaussians estimated for the magnitude time series and the interevent times. The q-Gaussians are related to Tsallis or q-probability distribution functions (q-PDF) and describe metastable or stationary states. For the estimation of the q-Gaussians we use q-algebra for q-exponentials and q-logarithm according to the relations
and
The q-Gaussians generalize normal Gaussian distributions as
where 1 < q < 3 and [Tsallis, 2009] .
For q = 1 the q-statistics recovers the standard theory of Boltzmann-Gibbs statistical mechanics as the q-Gaussians in the limit q → 1 become ordinary Gaussian.
The suitable q-value for the stationary state can be obtained from the PDF associated with the first difference ∆Z = Z n+1 − Z n of the experimental time series. The ∆Z-range is subdivided into efficient number of bins or cells in order to estimate the PDF P (z i ) N i=1 , where N is the cell number and P (z i ) is the probability for ∆Z to fall within the ith cell. The q-value corresponds to the best fitting to the graph ln q [P (z i )] (9) versus z 2 i . Depending on the particular time series, the number of bins is decided accordingly in order to avoid zero height histogram areas. Summarizing the results concerning the qstatistics, we can report that in both cases of the seismic time series a strong nonextensive character of the statistics was found since the q-values of the experimental time series clearly differ from the value q = 1 which corresponds to the classical Boltzmann-Gibbs statistics. However, there exists a significant difference between the q-values estimated for the magnitude time series and the q-values corresponding to interevent times. Particularly, the q-value corresponding to the magnitude time series was found to be clearly lower that the q-value estimated for the interevent times. These results concerning the q-statistics of the seismic time series is in excellent agreement with previous results that referred to the flatness coefficient as well as the correlation dimension and the maximum Lyapunov exponent. That is, the highdimensional and stochastic character of the magnitude time series [Figs. 5(a) and 7(a)] is related to the flatness coefficient F 8-9 (Fig. 10, red line) and the q-statistics (q = 1.41) which were found to attain clearly lower values than those of F = 13-14 and q = 1.72 corresponding to the interevent times with low-dimensional and chaotic character shown in [Figs. 5(b) and 7(b)] and (Fig. 10, blue  line) . Furthermore, the results concerning Tsallis q-statistics showed characteristics of nonextensive statistics indicating the existence of fluctuating dynamics at the onset (edge) of chaos that can be connected to anomalous diffusion processes [Tsallis, 2005] . 
Summary
The nonlinear analysis of two seismic time series concerning the magnitude time series and the interevent times provided strong evidence for significant far from equilibrium complex processes in the seismogenic layer of the North Aegean region. In particular, the mutual information estimation showed weak nonlinear correlations concerning the interevent times and the magnitude time series. Moreover, for the magnitude time series the correlation dimension was found to be approximately 7-8, indicating high dimensional dynamics. On the contrary, for the case of interevent times, low dimensional dynamics was revealed as the correlation dimension was found to be 3-4. In addition, in all cases the maximum Lyapunov exponent (L max ) was found to be positive indicating sensitivity to initial conditions and chaoticity. The null hypothesis, concerning the surrogate method based on Schreiber and Schmitz algorithm, was tested for the correlation dimension and the maximum Lyapunov exponent, and was rejected for the cases of interevent times excluding the possibility of pseudo-chaos (linear stochastic noise mimic chaotic behavior after nonlinear transformation). On the contrary, for the magnitude time series, the null hypothesis could not be rejected indicating the stochastic nature of the underlying dynamics. However, due to the non-Gaussian nature of the signals, we also tested the null hypothesis using shuffled surrogates, namely surrogates who share only the same empirical distribution with the original seismic time series, for the mutual information, the correlation dimension and the maximum Lyapunov exponent. The results showed that the null hypothesis was rejected for both cases, indicating the nonlinear stochastic character for the magnitude time series and the chaotic nature of the interevent times. Furthermore, the probability distributions of the two time series showed indirect indications for power-law scaling. Moreover, the flatness coefficient F was found to attain values much greater than 3 indicating strong intermittent turbulence for both series, but differences were also found concerning the Flatness Coefficient F . Although both time series exhibit a strong intermittent, non-Gaussian and turbulent character, as we have shown in this study, the interevent times correspond to a stronger intermittent turbulent process. Finally, the results indicate statistical nonextensivity existence, as we presented in Sec. 2.7, which showed significant differences between the q-Gaussians of the magnitude time series and the interevent times. These results are in accordance with the results concerning the correlation dimension, the maximum Lyapunov exponent and the flatness coefficient F .
Conclusions and Discussion
The results presented previously clearly indicate the existence of two different seismogenic processes. One corresponding to low dimensional temporal chaos and the other to high dimensional and stochastic (Self Organized Critical) seismic processes, while both showed a non-Gaussian profile and strong character of intermittent turbulence. These results support the theoretical concept that the lithosphere belongs to the general kind of distributed, dissipative dynamical systems which living at far from equilibrium states can reveal complex macroscopic behavior with different temporal processes [Chang, 1992] .
More analytically, the process related to magnitude time series due to its high dimensional and stochastic character along with the presence of scale invariance can be characterized as a Self Organized Critical process. Indeed, according to Sykes et al. [1999] such a process, is characterized by strong randomness, high-dimensionality and power-law scaling. Moreover, as we have shown in this study, this process can also be characterized as intermittent turbulent. This result is in accordance with theoretical results presented by Menech and Stella [2002] according to which, time series derived from a prototype sandpile SOC model showed intermittent turbulent fluctuations. Thus, the process related to magnitude time series can be characterized as turbulent self-organized critical process.
On the contrary, the process related to the manifestation of earthquakes over time appeared to be low dimensional, deterministic and chaotic. This result is in accordance to previous results concerning the spatial and temporal trace of the seismogenesis in the broader Hellenic territory [Pavlos et al., 2007; Iliopoulos et al., 2008; as a low dimensional chaotic walker realized in the continuously extended lithospheric system, in contrast with the purely random walker process. Moreover, low dimensional spatiotemporal chaos can be associated with chaotic wandering of defects in the turbulence states of the lithospheric medium, according to the theoretical models of distributed and interacted maps [Yanagita & Kaneko, 1995] . The results of this study indicate that the lithospheric system in North Aegean is in a state of turbulence characterized by the existence of low effective dimensionality and temporal long range chaotic correlations. Thus, the North Aegean area can be thought of as a local low dimensional chaotic attractor which contributes to the global chaotic synchronization in the broad Hellenic territory. Furthermore, the results concerning Tsallis q-statistics showed strong characteristics of nonextensive Tsallis statistics. According to Arimitsu and Arimitsu In this direction, it is of great interest to extend our future studies in multivariate, chaotic or stochastic, spatiotemporal and energy features of the seismic intermittent turbulent far from equilibrium processes, in order to understand how the spatiotemporal properties of earthquakes affect their magnitude and the opposite. Moreover, searching at discrete seismic regions of the Earth's crust using nonlinear analysis tools and complexity theory of far from equilibrium distributed systems, could give further information about dynamically different seismic patterns.
